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An analysis has been made of a CdS device which ex-
hibits a transient negative resistance at room temperature 
and low field strengths whereas previously reported cases 
of negative resistance in CdS were observed at low temp-
eratures and moderate to high electric fields. The CdS bar 
was illuminated on one end in the vicinity of an ohmic In 
contact. Contact was made to the other end of the device 
with a rectifying Ag contact and the device was reverse 
biased. 
Experimental evidence and the analytical r,esul ts both 
indicated that it is necessa~y that the material used to 
make the negative resistance devices must have a relatively 
low carrier mobility, high trap density, and a low regene-
ration rate for trapped carriers. 
As the light induced carriers reach the rectifying 
contact and raise the carrier concentration, the voltage 
across the contact decreases due to the dependence of the 
voltage on carrier concentration. This induces a transient 
negative resistance if the transit t~e of carriers from 
the illuminated section of the crystal is relatively long. 
iii 
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I. INTRODUCTION 
The purpose of this document is to describe a special 
two terminal cadmium sulfide (CdS} device which exhibits 
a transient negative resistance at room temperature and low 
voltages and to provide an explaination of its operation. 
The device was originally proposed by Dillman1 and 
was later built by Mohr2 • 
1 
The device was st.udied by Mohr to determine the neces-
sary conditions for operation and the different modes of 
performance were investigated. Several possible explanations 
for the operation of the device were presented. 
The author in an attempt to explain the operation of 
the device tried several methods of analysis. This paper 
presents, along with a description of the device, the 
simplification necessary to analyze the device, the analysis, 
and the resulting conclusions as to its operation. 
I I • REVIEW OF LI'r'ERATURE 
Negative resistance in CdS has been observed and 
predicted by other researchers. Smith3 observed a change 
in current level at high voltages which was interpreted as 
the onset of double injection of carriers, whereas low 
temperature was used by Litton and Reynolds 4 to observe 
negative resistance and current oscillations, which were 
explained by hole injection at an Ag electrode and an 
increase in hole lifetime due to the filling of traps. 
Tap crystals, produced by doping CdS with sodium, 
exhibited a negative resistance at 4.2~K at moderate field 
strengths, which depended upon the intensity and duration 
of prior stimulation by light. Park and Litton5 explained 
the phenomenon through the filling of hole traps by the 
illumination and double injection of carriers upon app-
lication of the voltage. 
2 
Current oscil.lations were observed by McLeod and Hayes6 
at high field strengths in nonuniformly il.luminated CdS 
with ohmic In electrodes but they were unable to .. explain 
the phenomenon. 
It is noted that in the above listed references, and 
. h 7,8,9,10,11,12,13 th . . d ~n ot ers . e negat~ve res~stance occurre 
at room temperature i.n the form of current oscillations at 
high field strengths or could be observed as a static 
negative resistance at low temperatures with moderate 
to high field strengths. None of these cases are adequate 
3 
for the explanation of the device characteristics described 
in this paper. 
4 
III. OBSERVED CHARACTERISTICS OF THE DEVICE 
Th d . 2 d f 1 t d . 1 t 1 · e ev~ces were rna e rom se ec e s1.ng e crys a s 
of CdS approximately 2 mm square in cross section and 10 mm 
long, the sides of which were either cleaved or polished 
.. 
surfaces, with the c-axis of the crystal parallel to the 
longitudinal axis of the devices. After abrading the ends 
of the device, an ohmic contact was formed on one end by 
vacuum deposition of In and a rectifying Ag contact was 
made to the opposite end through the use of Silver Print. 
A mask was placed over the half of the crystal with the Ag 
contact to exclude all visible light. The rest of the de-
vice could be illuminated by an incandescent light source 
as illustrated in Figure 1. 
It was found that in order to observe a negative 
resistance it was necessary to subject the crystal to total 
darkness with the contacts shorted for approximately three 
minutes before each measurement cycle. To observe the 
negative resistance, the crystal was exposed to light and 
a triangular current source was connected such that the 
Ag contact was negative with respect to the In contact. 
The triangular current source was approximated by 
using a high impedance in series with a triangular voltage 
source. A curve which is representative of the results 
(except for noise due to the high impedances involved) is 
14 presented in Figure 2 • ~he plot starts with zero voltage· 
and current at point A and increases along the upper curve 
until point B is reached. Then the device enters into the 
negative resistance region and the voltage decreases 
rapidly until point C is attained. The slope of this 
segment is limited by high series resistance used to 
approximate the current source. The true shape of the 
negative resistance region was unattainable due to the 
high impedance of the device under test, typically between 
50 MQ and 500 MO. From point C the voltage increases again 
until point D is reached at which time the source starts 
to return to zero. During the return sweep and all 
subsequent sweeps the lower curve is followed between 
points ACD until the source is removed and the device is 
placed in darkness as described above. 
This phenomenon differs from previously reported 
negative resistance in CdS in that it is a low-voltage 
transient event occurring at room temperature with the 
sweep speed between 40 and 100 seconds. Variations in the 
sweeping period and changes in light.intensity would cause 
a change in the onset of the negative resistance. 
Other voltage and light combinations were also 
investigated but the above described configuration with the 
Ag electrode negative biased and masked from the light 
was the only one that produced a negative resistance. 
Many crystals were tested, subject to the above conditions, 
and those crystals exhibiting the negative resistance 
could be characterized as being photosensitive with a high 
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Figure 2. Typical Characteristics of the Device 
6 
IV. ANALYSIS OF THE DEVICE 
In order to deter.mine the nature of the electron 
density at the Ag contact, and the resulting voltage 
current relationships, it will be necessary to examine 
the continuity equations and related equations pertaining 
to the desired solution. The equations for the one dimen-
sional case with electron traps are as follows:lS 
an p-po a Jn 
..:..&i:-=- + g - r + f - - -J;;.. 
at -.p vt tv ax q 
ant 
at - ret + gvt 
J 
- ql!PPE qD p p 
J = ql! nE n n + qD n 
J = + J Jp n 
aE = .E.. 
ax € 











The first three equations are the continuity equations 
for holes, free electrons, and trapped electrons, respect-
ively. In the first two equations the first ter.m on the 
right of each represents the rat~ of disappearance of free 
carriers due to recombination. The generation rate of 
7 
8 
holes, by electrons being excited from the conduction band 
into traps, is given by 
while gtc represents the rate of electrons going into the 
conduction band after being freed from trapping centers and 
is expressed by 
In the above equations nt represents the density of trapped 
electrons, Nt the density of trapping centers at a depth of 
Et from the conduction band with a capture cross section of 
Sp for a free hole when occupied by an electron and a 
capture cross section for Sn for a free electron when 
unocc~pied. EG is the bandgap of the material, v is the 
thermal velocity of a free electron and Nc and Nv are the 
effective densities of states in the conduction and balance 
bands, respectively. The recombination rate of free holes 
with trapped electrons is represented by rtv and is givEn by 
and ret represents the rate at which free electrons are 
captured by traps and is expressed by 
The fourth term in each of the first two equations, f, 
represents the generation rate of free carriers by external 
excitation such as light, and the last terms represent the 
rate of change in the hole and electron currents with 
respect to distance, x. 
The fourth and fifth equations represent the hole and 
electron current densities, respectively. The first term 
in each equation represents the drift current density due 
to an electric field and the second term represents a 
diffusion current density due to a concentration gradient 
of the respective carrier type. 
9 
The sixth equation. states that the total current density 
consists of the sum of the electron current density and the 
hole current density. 
The last equation of the set is Poisson's equation 
relating the electric field to the net charge density. 
The rectifying Ag contact can be described by the 
equation 
1 ~m - X «<Vf If= 4 nl qvA exp(-· kT s) {exp(kT ) -1) 
In the above equation, v is the thermal velocity 
of the electrons, A is the cross sectional area, . 4> m is 
the work function of the silver, Xs is the electron affinity 
of the CdS. If and V f are the forward current and voltage 
at the Ag/CdS junction. I = -If and V = - Vf will be used 
in the remainder of the paper since the junction is always 
reverse-biased. 
It was found that a complete solution utilizing the 
above equations was too complicated to solve, necessitating 
the following assumptions: 
1. The majority of the voltage drop 'occurs across 
the reverse-biased Ag/CdS junction. 
2. The conduction in the illuminated half of the 
device is due to a drift current of a relatively 
large number of electrons in a very low field. 
3. The electron concentration in the illuminated 
portion is essentially constant. 
4. The device is in a quasi-steady-state condition 
due to the long period of the applied signal. 
5. Conduction in the darkened region is due to 
diffusion of electrons. 
6. All of the trapping effects can be accounted for 
by a change in the diffusion length, Ln, which 
can be accounted for by a change in the effective 
lifetime, ~n' of the electrons and/or in the 
diffusion constant Dn, (Ln = (~nDn)~). 
7. The current is due to electron conduction only 
since the hole lifetime and mobility are small 
10 
compared to the corresponding values for electrons. 
8. Once a trap has been filled, it will remain so 
during the remaining time of interest. 
The above assumptions will allow us to reduce the 
analysis to three basic equations. They are the steady-
state continuity equation, the diffusion current equation and 
the equation describing the rectifying contact 
• 
(n - no) 1 aJ 0 = + f + - __..n. 
'I'n q ax 
(Continuity) 
J qDn an = ax n (Diffusion) 
1 cllm- Xs qVf 
If = 4 n 1 qvA exp(- kT ) (exp{kT } - 1) (Contact) 
The continuity and the current density equations can 
be combined (See Appendix B for detailed analysis). 
(n - no) d2n 
0 = - Tn + f + Dn dx2 
In the illuminated region betwe·en x = L/2 and x = L, 
where L is the length of the device, the second derivative 
of n is zero since the concentration is constant. Hence 
the solution of the resulting equation yields 
n = n + fT 2 for L/2 < x < L o n - -
11 
where Tn2 is the lifetime of the electrons in the illuminated 
region. 
In the dark region (0 ~ x ~ L/2), the boundary 
conditions imposed on the electron concentration are 
n = no + f'Tn2 
n = n 1 
at X - L/2 
at x = 0 
where n 1 is the electron concentrati·on at the Ag contact. 
Since this half of the crystal is masked from the light, 
f is equal to zero. The solution of the continuity 
equation yie:tds 
In order to obtain a relationship for n 1 , n was 
substituted into the equation 
dn 
- I = If = AJn = qADn dx 
x=O 
and the equation was solved for n 1 . 
f-rn2 Ln I L 
nl =no + cosh(L/2L ) + <n-> Aq tanh (2L ) 
n n n 
12 
Using typical values of L = 1 em, 10-6 sec < -rnl < 10-3 
2 
sec and Dn is 2.6 em /sec, the equation is approximately~ 
fTn2 ~ I 
2 ~ + (-rnl/Dn) Aq 
cosh(L /4TnlDn) 
As can be seen from the above equation n1 will increase 
with an increase in light intensity, current, or the 
carrier lifetime in the darkened region. To verify that 
n 1 has the desired characteristics necessary for negative 
resistance, the equation describing the rectifying contact 
is solved for the voltage, and the first and second 
derivatives are examined (see Appendix C). 
The equation describing the rectifying contact can be 
simplified by combining all the constant terms, 
where 
-qV I = n 1c (1 - exp(kT )) 
1 ·~ - Xs c = 4 qvA exp (- kT ) 
Solving for V 
kT nlc 
V= ln ( ) q n 1c - I 
13 
If a ramp current generator is applied (I= Kt), then 
kT 0 lc 
v = q- ln <nlc - Kt> 
Since the term in the logarithm must be positive, a 
lower limit on n 1 is established. 
> Kt 
0 1 C 
Forming 
dV kTK(n1 - t(dn1/dt)} 
dt - qn1 (n1c - Kt) 
Noting that the derivative of V is zero at t 1 and t 2 , then 
dn1 n 1 
dt = t at t = t 1 and t =- t 2 
and 
At times other than at t 1 and t 2 it is known that 
dV dt > 0 for t < t 1 , and t > t 2 
dV dt < 0 for t 1 < t < t 2 
These yield the following limitations: 
dn1 n 1 
and dt > t for 
and 
The second derivative of V when evaluated at t 1 and t 2 
provides additional information concerning the derivatives 
of n 1 because 
d 2V 
-- < 0 
dt2 
yielding 
2 d n 1 
dt2 
> 0 
at t - t 1 , and 
at t - and 
at 
2 d n 1 
dt < 0 
14 
V. CONCLUSIONS 
From the above information, the operating principles 
of the device can be deduced. The initial placement of 
the device in a darkened condition with shorted contacts 
is necessary to empty the electron traps in the crystal, 
-6 thereby reducing ~nl and Tn2 to the order of 10 seconds. 
15 
When the device is illuminated and the source is connected, 
the traps in the lighted half of the device are rapidly 
-3 filled, increasing the lifetime ~~2 to approximately 10 
seconds. As time progresses, the carriers from the illum-
inated region start to diffuse into the darkened·portion, 
filling the traps, and thereby increasing the effective 
lifetime of the carriers. This increases the diffusion 
length of the carriers until the diffusion length becomes 
comparable with the length of the masked region, Figure 3, 
at which time the electron concentration n 1 at the Ag 
contact starts to increase, while still meeting the re-
quirement dn1/dt < n1/t. The concentration n 1 will increase 
rapidly for t 1 < t < t 2 because dn1/dt > n 1;t. The 
accelerated filling fo traps produces an increasing life-
time, Tnl' resulting in a type of positive feedback. 
This time of rapid filling of traps and rapidly 
increasing n 1 corresponds to the period between t 1 and 
t 2 , for which dn1/dt > n 1/t. The passing of the device from 
the negative resistance mode back into the positive 
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filled and any further increase in n 1 will be caused by 
increasing current densities due to the driving source. 
Examination of the second derivative at t 1 indicates 
that dn1 /dt is increasing in magnitude which corresponds 
17. 
to the start of a rapid increase in n 1 • At t 2 the negative 
values of (d2n 1/dt2 ) indicates that even though (dn1/dt) 
is positive, its magnitude is decreasing and will approach 
a limit imposed upon it by the driving source. 
During the retrace and subsequent traces the plot 
will not exhibit the negative resistance but will continue 
to trace out the lower portion of the curve as shown in 
Fig • .2 since the traps are already filled and cannot 
influence the electron concentration at the rectifying 
contact. The importance of high trap densities was 
verified experimentally 2. 
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Derivation of the Expression for n 1 
Using the . same eight assumptions as stated in the 
text, the derivation is based on three equations, the 
steady-state continuity equation without trapping for 
electrons, the current diffusion equation and the rectifying 
contact equation. 
(n 




J = q D . n n n . ax 
(Diffusion) 
1 <Pm - Xs qVf 
If = 4 nl qvA exp(- ) (exp (kT ) -1) kT (Contact) 
Combining the continuity and diffusion equations 
0 = 





0 + f 
This produces one of the boundary conditions for the so1-
L 
ution of n for 0 < X 2. 2 . The complete boundary conditions 
for this s i tuation are .: 
n + f-rn2 for X 
L 
= no = 2 
n = nl for X = o. 
In the region between 0 and L 2 the generation of 









This ' equation has the general solution 
n = B exp(L X) + C eXp( _LX) + n 0 
n n 
·Use _th~ ·a.J?propriate boundary conditions •. 
n1 = B + C + n 0 , at x = 0 and 
n = 
L -L L 
n 0 + f'Tn 2 = B exp( 2L ) + C exp <2L ) + n0 , at x - 2 
n n 
Solving the above equations for B and C yields 
[f-r -
n2 
-L (n1-n ) exp ( 2L ) '] 0 n X 
-------------------------- exp(~) 
2 sinh(~L ) n 
n 
A relationship between the reverse current I and n 1 
can be obtained by using the diffusion equation 
23 
-I - I - J A = Aq D an 
- f - n n ax 
D 
= Aq n 
Ln 
from which is obtained 
Hence, solving for n 1 : 




cosh{ 2L ) 
n 
which reduces to 
f-rn2 





. L . Slnh{ 2L ) 
n 
L 
cosh{ 2L ) 
n 
n ~I L 
+ <o> --x- tanh <2L > 




Derivation of Restrictions and Requirements on n 1 
From the first and second derivatives of the reverse 
voltage V, restrictions can be placed on n 1 and its first 
and s~cond derivatives so that a transient negative resist-
ance can ~xist. If the boundaries of the negative resistance 
region are denoted by t 1 and t 2 as illustrated in Figure 2, 
then the following relationships concerning the voltage can 
be stated. 
v > 0 for t > 0 
dV dV 0 dt = dt = 
t=t 1 t=t2 
dV 
dt > 0 for O<t<t1 and t>t2 
dV < 0 for tl <t<t2 dt 
Since the maj~rity of the voltage will be dropped 
' ~ 
ac~oss the reverse biased silver contact, the equation 
describing }he rectifying contact will be investigated 
d's; 
to de~~rlnine;~r;i:he restrictions ' and requirements imposed 
upon n 1 . 
cp . - X 1 m s nv 
-I = AJ = n 1 A 4 qv exp( kt ) ~xp(kt)-1] 
where C 1 <t>m-= A 4 qv exp ( k t 
Solving for V 
Since the device under consideration is being tested 
using a linearly increasing current let 
I = Kt 
where K is the slope of the current ramp. Hence 
kT nlc 
= q ln ( -n-1 c=-"""":K::-t:-) 




Restrictions on the derivatives of n 1 may be obtained 







Since the derivative of the voltage is zero at time t 1 
and t 2 , then 
n -1 
dn1 
t dt = 0 at t = t 1 and t = t 2 
Hence 
dn1 n 1 
dt = tl at t = t 1 
and 
dnl nl 
dt = t2 
For O<t<t1 and t>t2 , the derivative of V is positive, 
hence 
dn1 
dt for O<t<t1 and t>t2 
The derivative of V is negative between t 1 and t 2 which . 
requires that 
Information concerning the second derivative of n 1 
can be obtained from the following: 
27 
It is necessary to examine this equation at t 1 and t 2 • 
The second term in the numerator reduces to zero since 
In · the first part of the numerator the term (n1 C-Kt) 
is always positive indicating that the sign of the second 
derivative of the voltage will be determined by the sign 













---1 < 0 
dt t-t 
- 2 
In summary the conditions imposed upon n 1 are as 
follows. 





> o for t=tl 
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